Introduction 1
Anterior cruciate ligament (ACL) injury is one of the most common sports injuries, 2 with about 100,000 such injuries occurring each year in the United States (US) [1] .
3
Approximately 50,000 ACL reconstructions are performed each year in the US [2] , and 4 if an ACL reconstruction costs $17,000 [3] , the economic cost is almost $850,000,000 5 per year in the US. However, ACL injury causes not only economic loss, but also 6 results in time lost from sports activity and work in the short term. In the long term, it 7 causes osteoarthritic changes with or without ACL reconstruction [4] . These reports 8 indicate that prevention of ACL injury is very important.
9
Various programs for the prevention of ACL injury have been suggested, and 10 their efficacies have been validated [5] [6] [7] . Nevertheless, the rate of ACL injury remains 11 constant over the decades [8] . The reason for this appears to be that prevention 12 programs are not popular, and they are not provided in cooperation with athletes and 13 therapists. If ACL injury prevention programs were to become effective and easy to 14 implement, they may become widespread. To prepare simple programs, however,
15
understanding the mechanisms and risk factors for ACL injury is important.
16
It has been reported that 70% of ACL injuries occur in noncontact situations, 17 including cutting, landing, pivoting, and deceleration without contact with opponents [9] . 18 Based on the reports of video analyses of ACL injuries, the knee is in slight flexion and 19 abduction at the moment of ACL injury [10, 11] 
Procedures and instrumentations

60
The experimental trials were conducted in the laboratory of Hokkaido University.
61
Forty retroreflective markers were placed on the sacrum, right iliac crest, and bilateral 62 shoulders, anterior superior iliac spines, greater trochanters, hips, medial and lateral 63 knees, medial and lateral ankles, heels, 2nd and 5th metatarsal heads, and right thigh 64 and shank cluster markers (Figure 1) . In all subjects, the dominant leg (the side for 65 kicking a ball) was the right leg. Throughout the experiment, the subjects were 66 barefoot. First, the data of the static standing trial were collected for each subject. 
Data Analysis
84
The trajectories of markers were filtered at a cutoff frequency of 6 Hz with a 
Statistical Analysis
96
To analyze the effect of dynamic knee valgus and toe direction on knee angles, 
RESULTS
126
There were significant main effects of toe direction (F=127.88, p<0.001) and 127 position (F=19.97, p<0.001) on the knee rotation angle. There was also an interaction 128 (F=10.13, p<0.001) between toe direction and position on the knee rotation angle.
129
For neutral and toe-out, the knee significantly rotated externally during dynamic 130 knee valgus from the start position (p<0.001), and there was a similar trend for toe-in 131 (p=0.090, Figure 3) . During both the start and the dynamic knee valgus positions, the 132 knee for toe-in and toe-out showed significantly greater internal and external rotation 133 compared with the neutral position, respectively (p<0.001, Figure 3 ).
134
The knee abduction and flexion angles are shown in Table 1 . There were 
DISCUSSION
151
The purposes of this study were to reveal how the knee rotates during dynamic 152 knee valgus and to determine whether toe direction affects knee rotation. The results
153
of this study showed that the knee rotates externally during dynamic knee valgus and 154 that knee rotation is affected by toe direction. Olsen et al. [11] suggested that the mechanism of ACL injury was knee abduction 178 combined with external rotation of the knee. This combination causes impingement of 179 the ACL on the femoral condyle and increases the risk of ACL injury [17, 19, 20] .
180
Which direction of knee rotation causes ACL injury remains controversial. The results
181
of this study showed that the knee rotates externally during dynamic knee valgus.
182
Considering this finding, the knee may rotate externally at the time of ACL injury.
183
Further analysis of knee kinematics during a dynamic task should include examination 184 of whether the knee rotation deviates from the normal "screw-home movement".
185
Knee rotation was also affected by toe direction. Toe-out and toe-in cause 186 external and internal knee rotation, respectively, compared with neutral. These The knee abduction angle during dynamic knee valgus was also affected by toe rotation [30, 31] . Therefore, the knee abduction angle would increase with toe-in.
201
Because the toe direction also affects the knee abduction angle, this study indicates 202 that it is very important to instruct athletes on toe direction to prevent ACL injury.
203
There were a few limitations to this study. First, the experimental trials were 
FIGURE 2.
Upper and lower panels demonstrate start position and dynamic knee valgus position respectively. Also, left, center and right panels show neutral, toe-in and toe-out toe directions.
Neutral toe direction was set at 0°relative to the sagital plane on the horizontal plane, and toe-in and toe-out was set -10° and 10°, respectively. During trials, the subjects were asked to step forward 40% of their height with dominant leg, and also maintain the trunk upright and the knee flexion angle at 30 degree. The subjects performed maximum dynamic knee valgus for 5 seconds on each toe directions (lower three panels). * Indicates significant differences from start position each foot directions (p<0.05). † Indicates significant differences from Neutral (p<0.05). ‡ Indicates significant differences from Toe-in (p<0.05).
